During the pathogenesis of systemic inflammation, reactive oxygen species (ROS) circulate in the bloodstream and interact with endothelial cells (ECs), increasing intracellular oxidative stress. Although endothelial dysfunction is crucial in the pathogenesis of systemic inflammation, little is known about the effects of oxidative stress on endothelial dysfunction. Oxidative stress induces several functions, including cellular transformation. A singular process of cell conversion is tendothelial-to-mesenchymal transition, in which ECs become myofibroblasts, thus losing their endothelial properties and gaining fibrotic behavior. However, the participation of oxidative stress as an inductor of conversion of ECs into myofibroblasts is not known. Thus, we studied the role played by oxidative stress in this conversion and investigated the underlying mechanism. Our results show that oxidative stress induces conversion of ECs into myofibroblasts through decreasing the levels of endothelial markers and increasing those of fibrotic and ECM proteins. The underlying mechanism depends on the ALK5/Smad3/NF-kB pathway. Oxidative stress induces the expression and secretion of TGF-b1 and TGF-b2 and p38 MAPK phosphorylation. Downregulation of TGF-b1 and TGF-b2 by siRNA technology abolished the H 2 O 2 -induced conversion. To our knowledge, this is the first report showing that oxidative stress is able to induce conversion of ECs into myofibroblasts via TGF-b secretion, emerging as a source for oxidative stress-based vascular dysfunction. Thus, oxidative stress emerges as a decisive factor in inducing conversion of ECs into myofibroblasts through a TGF-b-dependent mechanism, changing the ECs protein expression profile, and converting normal ECs into pathological ones. This information will be useful in designing new and improved therapeutic strategies against oxidative stress-mediated systemic inflammatory diseases.
It is commonly accepted that the pathogenesis of inflammatory diseases underlies in the increment on oxidative stress. As a response for inflammation, immune system produces an uncontrolled response oversecreting mediators of inflammation including pro-inflammatory cytokines and cell-derived proteins. 1, 2 The cell response generated by the mediators of inflammation is characterized by reactive oxygen species (ROS) overproduction, which increases in cellular oxidative stress. [1] [2] [3] Thus, changes in cellular oxidative stress are promoted by an increased ROS concentration through increases in ROS production and/or a decrease in the cellular clearance efficiency. 1, 4 Low intracellular ROS concentrations are linked to normal cellular processes in healthy cells. In contrast, high ROS levels promote deleterious cellular effects. 2, [4] [5] [6] [7] [8] The molecules that comprise the ROS family are oxidative molecules including the superoxide radical (O 2 Á À ), hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical ( Á OH), among several others. 1, 2 During systemic inflammation, ROS circulate in the bloodstream and can interact directly with endothelial cells (ECs) in the inner wall of blood vessels, 1, 9 which increases intracellular oxidative stress in ECs. Therefore, the ROS are generated within the endothelial monolayer and raise the intracellular level of oxidative stress in ECs.
An increase in oxidative stress causes cellular damage and cell transformation. Frequently, detrimental ROS-induced cellular effects are principally produced by protein and lipid modification, which alters their function and promotes abnormal cell processes. 4, 10 Furthermore, ROS promote changes in the protein expression profile, which may modify cellular function. [11] [12] [13] [14] [15] High levels of oxidative stress induce cell death in several cell types. Moreover, it has been reported that increases in oxidative stress provoke cellular malignant transformation in the context of cancer. [16] [17] [18] A well-known mechanism of cellular conversion is the epithelial-to-mesenchymal transition (EMT). Through the EMT, epithelial cells can change their phenotypic and functional features to become myofibroblasts to promote tissue fibrogenesis. Epithelial cells that are exposed to the mostused EMT inducer, tumor growth factor-beta (TGF-b), show a modification in their protein expression profile. Epithelial markers, such as E-cadherin, are downregulated, whereas fibroblast-specific genes, such as a-smooth muscle actin (a-SMA) and fibroblast-specific protein 1 (FSP-1), are upregulated. Furthermore, proteins that constitute the extracellular matrix (ECM), including fibronectin (FN), collagen type I and III, and vimentin are increased. [19] [20] [21] [22] TGF-b binds its plasma membrane receptor, activin receptor-like kinase 5 (ALK5), to activate it and subsequently elicit intracellular signaling. 23, 24 Several proteins that are involved in TGF-b intracellular signaling include the canonical pathway of phosphorylation of the family of Smad proteins and non-canonical intracellular pathways, to perform the activation of nuclear factor-kappa B (NF-kB). [24] [25] [26] [27] [28] Specifically, the Smad3 protein emerges as a pro-fibrotic member of the Smad protein family because its phosphorylation promotes the progression of fibrosis. 29, 30 It has been reported that oxidative stress induces the EMT. Human epidermal keratinocytes exposed to H 2 O 2 showed protein expression that was consistent with the EMT, 31 and similar results were founded in renal tubular epithelial cells. 32 In the same way, chromium-induced EMT is dependent on intracellular ROS in lung epithelial cells. 33 A specialized EMT process is the endothelial-to-mesenchymal transition (EndMT). By means of the EndMT, ECs become myofibroblasts. Similarly, ECs exposed to TGF-b exhibit a decrease in the levels of the endothelial markers CD31 and VEcadherin, whereas the fibroblast-specific genes a-SMA and FSP-1 are increased. Furthermore, the levels of proteins that form the ECM, such as FN and collagen type III, are greatly increased. 34, 35 In addition of changes in expression proteins, some aspects of ECs functionality are also modified once EndMT is established. Concordantly with the loss of VE-cadherin and CD-31 expression, ECs undergoing EndMT lose their cell-tocell connection, suggesting that the endothelium loses its capacity to function as a selectively permeable barrier promoting increased filtration from the intravascular lumen to the interstitial fluid. Moreover, normal ECs exhibit a round, short-spindled morphology with a cobblestone appearance; thus, the endothelium is a perfect monolayer, which allows its function as selectively permeable barrier. However, by means of EndMT, a fibrotic-like spindle-shaped phenotype with non-connected cells is observed along with a-SMA and FSP-1 overexpression, which alters the cytoskeletal organization. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Furthermore, acquisition of ECM proteins such as fibronectin and collagen type III is a prominent functional feature of myofibroblasts that changes endothelial functionality. Healthy ECs secrete collagen type IV and low amounts of fibronectin, whereas collagen type I and type III are virtually absent, appearing only after fibrosis has been established and affecting normal endothelial function. The increase in ECM proteins during EndMT alters EC function because it affects the interaction between ligands and membrane receptors, protein turnover, and protein internalization. 34, 36, 37, [41] [42] [43] [44] [45] [46] [47] In addition, increased cell migration is a major distinctive feature of myofibroblasts. Because EndMT is a cellular mechanism for the conversion of polarized ECs into motile mesenchymal cells, this process is also characterized by the acquisition of migratory features. 34, 48, 49 Therefore, through EndMT, ECs disaggregate from the vascular monolayer to migrate into the adjacent tissue. 34, 48, 49 Recently, we and others have reported that ECs exposed to EndMT inducers, such as endotoxins and oxidative stress, are able to induce increased endothelial migration similar to that observed in myofibroblasts. [50] [51] [52] However, the participation of oxidative stress as an inductor of conversion of ECs into myofibroblasts and the underlying mechanism are not known.
Herein, we investigated the role played by oxidative stress in the conversion of ECs into myofibroblasts and the underlying mechanism.
We demonstrate that H 2 O 2 induces conversion of ECs into myofibroblasts through decreasing the expression of endothelial markers and increasing the levels of fibrotic and ECM proteins. The underlying mechanism depends on ALK5 expression, Smad3 activation, and the intracellular NF-kB activity pathway. Furthermore, H 2 O 2 induces the expression and secretion of TGF-b1 and TGF-b2 and the phosphorylation of p38 MAPK. Finally, we demonstrated that downregulation of TGF-b1 and TGF-b2 by siRNA technology abolished the H 2 O 2 -induced conversion of ECs into myofibroblasts.
These findings are useful for understanding the mechanisms involved in the oxidative stress-induced endothelial dysfunction that is observed during vascular inflammation.
MATERIALS AND METHODS
Details of all procedures are provided in Supplementary Information.
Primary Cell Culture
Human umbilical vein endothelial cells (HUVECs) were isolated by collagenase (0.25 mg/ml) digestion from freshly 
Data Analysis
All results are presented as the means±s.d. ANOVA followed by the Dunn's post hoc tests were used and considered as significant at Po0.05.
RESULTS

H 2 O 2 Induces the Conversion of ECs into Myofibroblasts
To test whether oxidative stress is able to induce the conversion of ECs into myofibroblasts, ECs were exposed to several concentrations of the oxidant agent H 2 O 2 , and endothelial and fibrotic characteristics were measured. ECs We also investigated the effect of oxidative stress on the cellular localization and distribution of endothelial and fibrotic proteins. To that end, we performed immunocytochemistry experiments. ECs in the absence of H 2 O 2 showed VE-cadherin labeling that was localized predominantly to the plasma membrane (Figure 2a To demonstrate that our findings were obtained from a culture of human ECs without contamination from fibroblast-like cells, we carried out an exhaustive inspection of the EC culture. 37 To that end, we used the specific endothelial marker VE-cadherin and the specific fibrotic protein, FSP-1. We found that 499% of cells in the EC culture were positive for VE-cadherin, whereas those expressing FSP-1 were not detected. This quantification demonstrated that the primary human EC culture was highly enriched in ECs (Supplementary Figure S1 ).
H 2 O 2 -Induced Conversion of ECs into Myofibroblasts is Dependent on ALK5 Expression
As was previously mentioned, TGF-b is the most well-studied EndMT inducer. TGF-b binds to TbRII, which recruits the TbRI, ALK5. 23, 24 Considering this evidence, we investigated whether ALK5 expression was involved in the H 2 O 2 -induced conversion of ECs into myofibroblasts. To that end, we performed experiments using a molecular biology strategy for ALK5 expression knockdown. To demonstrate the participation of ALK5 in H 2 O 2 -induced conversion of ECs into myofibroblasts, ECs were transfected with a specific small interference RNA (siRNA) against the human isoform of ALK5 (siALK5). The siRNA efficiency of ALK5 expression knockdown was 490% (Supplementary Figure S2) .
ECs exposed to H 2 O 2 and transfected with a non-targeting sequence siRNA were used as a control (siCTRL), and these cells showed a decrease in the protein level of VE-cadherin (Figure 5a and b) and an increase in the protein levels of a-SMA (Figure 5c and d) and the ECM protein fibronectin (Figure 5e and f), which were similar results to those observed in non-transfected, wild-type ECs (Figures 1 and 3) . Additionally, ECs transfected with siCTRL in the absence of the oxidant did not show any change in the protein level of VE-cadherin, a-SMA, or fibronectin compared with nontransfected cells (not shown). In contrast, H 2 O 2 -treated ECs transfected with siALK5 did not show any decrease in the 
H 2 O 2 -Induced Conversion of ECs into Myofibroblasts is Dependent on Smad3 Activation
It is well known that ALK5 phosphorylates the Smad protein family through the canonical signaling pathway to regulate gene transcription and exert fibrotic effects. Specifically, Smad3 phosphorylation has been linked to the fibrotic Oxidative stress-mediated EC fibrosis via TGF-b I Montorfano et al process. 23, 24 Thus, we addressed the question of whether Smad3 activation participates in the H 2 O 2 -induced conversion of ECs into myofibroblasts. To that purpose, we used the specific inhibitor of Smad3, SIS3. 54 To demonstrate that SIS3 was efficient to inhibit the activation of smad3 through translocation to nucleus, protein extracts from the cytosol (CF) and nuclear (NF) fractions were obtained from ECs exposed to the smad pathway inducer TGF-b1 incubated with or without SIS3. Results showed that in TGF-b1-treated EC, smad3 was detected predominantly in the NF that in the CF, suggesting nuclear translocation. However, in TGF-b1-treated EC with SIS3, smad3 was detected mainly in the CF, indicating that SIS3 inhibited the smad3 nuclear translocation (Figure 6a-d) . Our results showed that ECs exposed to H 2 O 2 in the presence of SIS3 failed to decrease their levels of the endothelial marker VE-cadherin (Figure 6e and f). In line with this finding, SIS3 treatment inhibited the increase in the fibrotic proteins a-SMA (Figure 6g and h) and fibronectin (Figure 6i and j (Figure 8a and b) and TGF-b2 (Figure 8c and d) .
In agreement with the changes in mRNA expression, supernatants of H 2 O 2 -treated ECs showed an increase in the protein level of TGF-b1 (Figure 8e and f) and TGF-b2 (Figure 8g and h) . Furthermore, we studied whether NF-kB activation by H 2 O 2 was dependent on TGF-b pathway. To that end, we used SB431542 which is a specific inhibitor of the TGF-b receptor, ALK5. Thus, using the inhibitor of ALK5, SB431542, the TGF-b signaling is abolished. Results showed that H 2 O 2 -treated ECs without SB431542, NF-kB p65 was detected predominantly in the NF, suggesting nuclear translocation. Whereas, in H 2 O 2 -treated ECs with SB431542, NF-kB p65 detected in the NF was partially but significantly decreased. These results suggest that TGF-b pathway participates in the H 2 O 2 -induced NF-kB activation (Figure 8i-l) .
Taking into consideration that TGF-b expression is dependent on p38 MAPK phosphorylation, 6, 24 we studied whether H 2 O 2 induces the increased phosphorylation of p38 MAPK. H 2 O 2 exposure induced p38 MAPK phosphorylation showing a peak at 1 h after challenge (Supplementary Figure S3) . Oxidative stress-mediated EC fibrosis via TGF-b I Montorfano et al
H 2 O 2 -Induced Conversion of ECs into Myofibroblasts is Dependent on the Expression of TGF-b1 and TGF-b2
Taking into account that H 2 O 2 induces the expression of TGF-b1 and TGF-b2, we tested whether the expression of these cytokines is necessary for the conversion of ECs into myofibroblasts induced by the oxidant. To that end, we used two specific siRNAs against each TGF-b isoform, TGF-b1 and TGF-b2. In addition, we used a non-targeting siRNA as a control (siCTRL). First, we tested whether the siRNAs were specific in the inhibition of TGF-b1 and TGF-b2. The siRNA Oxidative stress-mediated EC fibrosis via TGF-b I Montorfano et al against TGF-b1 (siTGFb1) showed a significant inhibition of TGF-b1 expression (Supplementary Figure S4a) . Similarly, the siRNA against TGF-b2 (siTGFb2) showed a significant inhibition of TGF-b2 expression (Supplementary Figure  S4b) . Of note, we observed that the action of siTGFb1 also inhibited the expression of TGF-b2 (Supplementary Figure  S4b) . This finding was in accordance with previously reported data. 55 However, the action of siTGFb2 did not affect the expression of TGF-b1 (Supplementary Figure S4a) . Then, we tested whether the downregulation of TGF-b1 and TGF-b2 in the absence of any stimulus changed the protein levels of VE-cadherin, a-SMA, and fibronectin. As shown in Supplementary Figure S5a , ECs transfected with siTGFb1 and siTGFb2 showed a non-significant increase in the protein level of VE-cadherin and they showed a slight but significant decrease in the fibrotic protein a-SMA (Supplementary Figure S5b) and FN (Supplementary Figure S5c) , suggesting that suppression of TGF-b1 and TGF-b2 expression did not promote any fibrotic processes. Next, we determined whether the H 2 O 2 -induced conversion of ECs into myofibroblasts was dependent on TGF-b1 (a and c) , respectively. Protein levels were normalized against tubulin and histone H3 for CF and NF, respectively, and data are expressed relative to nontreated condition (N ¼ 3) . (e-j) ECs were incubated in the absence ( À ) or presence ( þ ) of 10 mM H 2 O 2 for 72 h and treated in the absence ( À ) or presence ( þ ) of 5 mM SIS3 for 72 h, and then protein expression was analyzed. (e, g, and i) Representative images from western blot experiments performed for detection of the endothelial marker VEcadherin (VE-cad) (e), fibrotic marker a-SMA (g) and ECM proteins fibronectin (FN) (i). Panels (f, h, and j) show densitometric analyses from several experiments, as shown in (e, g, and i), respectively. Protein levels were normalized against tubulin, and the data are expressed relative to the untreated (0 mM H 2 O 2 in the absence of SIS3) condition. Statistical differences were assessed by a one-way analysis of variance (ANOVA) (Kruskal-Wallis) followed by Dunn's post hoc test. **: Po0.01 against the untreated (0 mM H 2 O 2 in the absence of SIS3) condition. NS: nonsignificant. Graph bars show the mean ± s.d. (N ¼ 3-4) .
and TGF-b2 expression. ECs were transfected with siTGFb1 or siTGFb2, and endothelial and fibrotic markers were detected. ECs transfected with siCTRL and exposed to H 2 O 2 exhibited a decrease in the protein level of the endothelial protein VE-cadherin (Figure 9a, b, g, and h ) and an increase in the fibrotic markers a-SMA (Figure 9c, d, i, and j) and FN  (Figure 9e, f, k, and l) , which was similar to what was observed in non-transfected wild-type ECs, and denoted that a fibrotic process took place. Noteworthy, ECs transfected with siTGFb1 or siTGFb2 and exposed to H 2 O 2 were resistant to fibrosis development because those cells did not show altered protein levels of endothelial (Figure 9a, b,, g,  and h ) or fibrotic markers (Figure 9c , f, i, and l). These results suggest that H 2 O 2 -induced conversion of ECs into myofibroblasts is dependent on TGF-b1 and TGF-b2 expression.
Afterward, we investigated the effect of TGF-b1 and TGFb2 expression on the cellular localization and distribution of endothelial and fibrotic proteins. ECs transfected with siCTRL in the absence of H 2 O 2 showed VE-cadherin (Figure 10a and c) and CD31 (Figure 10b and d) labeling that was localized at the plasma membrane. On the contrary, the expression of the fibrotic marker FSP-1 ( Figure 10a ) and a-SMA (Figure 10b ) was weak, and the expression of the ECM protein fibronectin was slightly detected (Figure 10c and d), which was similar results to those observed in nontransfected wild-type ECs (Figures 2 and 4) that were depicted as a round-shape monolayer, short-spindle morphology with a cobblestone appearance. Similar results were obtained for ECs transfected with siTGFb1 (Figure 10e-h ) and siTGFb2 (Figure 10i-l) in the absence of the oxidant. However, ECs transfected with siCTRL and exposed to H 2 O 2 showed a decrease in the endothelial proteins VE-cadherin (Figure 10m and o) and CD31 (Figure 10n and p) . Furthermore, H 2 O 2 exposure induced an increase in the fibrotic markers FSP-1 ( Figure 10m ) and a-SMA (Figure 10n) , as well as an increase in the expression of the ECM protein fibronectin (Figure 10o and p) , thus resulting in a spindleshaped, fibroblast-like phenotype that had lost cell-to-cell connections. Of note, ECs transfected with siTGFb1 (Figure 10q-t) and siTGFb2 (Figure 10u -y) and exposed to H 2 O 2 were resistant to fibrosis progression. Transfected ECs did not exhibit changes in endothelial nor fibrotic markers, which confirmed that H 2 O 2 -induced conversion of ECs into myofibroblasts is dependent on TGF-b1 and TGF-b2 expression.
DISCUSSION
Endothelial dysfunction is a crucial factor in the development of systemic inflammation pathogenesis. Therefore, the study of the underlying cellular and molecular mechanisms that promote the dysfunction is fundamental for improving current therapies against systemic inflammation and developing new treatments.
It has been reported that the mediators of inflammation induce the conversion of ECs into myofibroblasts through an (a and c) , respectively. Protein levels were normalized against tubulin and histone H3 for CF and NF, respectively, and data are expressed relative to non-treated condition (N ¼ 3) . (e-j) ECs were incubated in the absence ( À ) or presence ( þ ) of 10 mM H 2 O 2 for 72 h and treated in the absence ( À ) or presence ( þ ) of 1 mM IKK-16 for 72 h, and then protein expression was analyzed. (e, g, and i) Representative images from western blot experiments performed for detection of the endothelial marker VE-cadherin (VE-cad) (e), fibrotic marker a-SMA (g) and ECM proteins fibronectin (FN) (i). Panels (f, h, and j) show densitometric analyses from several experiments, as shown in (e, g, and i), respectively. Protein levels were normalized against tubulin, and the data are expressed relative to the untreated (0 mM H 2 O 2 in the absence of IKK-16) condition. Statistical differences were assessed by a one-way analysis of variance (ANOVA) (Kruskal-Wallis) followed by Dunn's post hoc test. **: Po0.01 against the untreated (0 mM H 2 O 2 in the absence of IKK-16) condition. NS: non-significant. Graph bars show the mean ± s.d. (N ¼ 3-4) .
Oxidative
EndMT pathway. The effect of TGF-b inducing the EndMT is well known. 34, 35 In addition, tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6), and IL-1b also induce the EndMT. 41, 56, 57 Furthermore, we recently demonstrated that the endotoxin lipopolysaccharide induces the acquisition of fibrotic-like phenotype in ECs. 37 This conversion rises as a potential mechanism that begins endothelial dysfunction during the inflammatory process.
Because ROS generation is a hallmark of systemic inflammation due to mediators of inflammation eliciting an increment in ROS production, we focused on the capacity of ROS to promote conversion of ECs into myofibroblasts and investigated the underlying mechanism.
In this study, we demonstrated that H 2 O 2 is able to induce conversion of ECs into myofibroblasts via an EndMT-like process. Our results show that H 2 O 2 downregulates endothelial markers and upregulates fibroblast-specific and ECM proteins. Furthermore, we demonstrate that H 2 O 2 -induced conversion of ECs into myofibroblasts is mediated by a mechanism that depends on ALK5 expression, Smad3 activation, and NF-kB activity. Moreover, H 2 O 2 induces the enhanced expression of TGF-b1 and TGF-b2, possibly by p38 MAPK phosphorylation. In addition, the downregulation of TGF-b1 and TGF-b2 abolished H 2 O 2 -induced conversion of ECs into myofibroblasts. Findings showed here were summarized in an integrative proposed model ( Figure 11 ). H 2 O 2 exposure induces a change in the protein expression of endothelial and fibrotic markers. Decreased levels of endothelial adhesion proteins collaborate to allow cell-to-cell separation and generate the spindle-shaped, fibroblast-like phenotype, which is strongly potentiated by the overexpression of a-SMA stress fibers. As our results show, H 2 O 2 challenge induced the overexpression of fibronectin and collagen type III. Healthy cells secrete ECM proteins in equilibrium with their degradation. During fibrosis, cells secrete high amounts of ECM proteins that overwhelm the cellular capacity for ECM degradation and generate morphological changes, as well as loss of cellular function. 44, 45 Healthy ECs secrete low amounts of fibronectin and collagen type IV, while collagen type I and type III are nearly absent and appear only after fibrosis has been established. [44] [45] [46] [47] We demonstrated that ECs exposed to oxidative stress overexpress the ECM proteins fibronectin and collagen type III, suggesting that oxidative stress induces abnormal ECM overload in ECs. Because ECM proteins are molecular bridges by which bacteria adhere and invade host cells, the oxidative stress-induced ECM overexpression could represent a mechanism to generate bacterial pathogenesis and enhance the inflammatory response. Certainly, further studies are needed to test this idea. a-f) , an siRNA against TGF-b2 (siTGFb2) (g-l) or a non-targeting siRNA (siCTRL) (a-l), and incubated in the absence ( À ) or presence ( þ ) of 10 mM H 2 O 2 for 72 h, and then protein expression was analyzed. (a, c, e, g, i, and k) Representative images from western blot experiments performed for detection of the endothelial marker VE-cadherin (VE-cad) (a, g), fibrotic marker a-SMA (c, i) and ECM proteins fibronectin (FN) (e, k). Panels (b, d, f, h, j, and f) show densitometric analyses from several experiments, as shown in (a, c, e, g, i and k), respectively. Protein levels were normalized against tubulin, and the data are expressed relative to the siCTRL-transfected cells condition in the absence of H 2 O 2 . Statistical differences were assessed by a one-way analysis of variance (ANOVA) (Kruskal-Wallis) followed by Dunn's post hoc test. **: Po0.01 against the siCTRL-transfected cells condition in the absence of H 2 O 2 . Graph bars show the mean ± s.d. (N ¼ 3-4) .
Oxidative stress-mediated EC fibrosis via TGF-b I Montorfano et al Figure 10 Cellular distribution of endothelial and fibrotic markers involved in H 2 O 2 -induced conversion of ECs into myofibroblasts inhibited by transfection of an siRNA against TGF-b1 and TGF-b2. (a-y) Representative images from ECs transfected with an siRNA against TGF-b1 (siTGFb1) (e-h and q-t), an siRNA against TGF-b2 (siTGFb2) (i-l and u-y) or a non-targeting siRNA (siCTRL) (a-d and m-p), and incubated in the absence ( À ) or presence ( þ ) of 10 mM H 2 O 2 for 72 h. VE-cadherin or CD31 (red), and FSP-1, a-SMA, or FN (green) were detected. Nuclei were stained using DAPI. Bar scale represents 10 mm (N ¼ 3) .
Oxidative stress-mediated EC fibrosis via TGF-b I Montorfano et al
Our findings showing that oxidative stress is able to generate conversion of ECs into myofibroblasts through an EndMT-like mechanism are in accordance with evidence showing that ROS stimulate the EMT in renal cells and keratinocytes. 31, 32 In contrast, it was recently reported that ROS production inhibits the EMT in prostate cancer cells. 58 Because the EndMT is also observed in tumor cells, it would be interesting to explore whether oxidative stress inhibits the EndMT in cancer cells.
During systemic inflammation, the activated cells of the immune system, including macrophages and phagocytes, oversecrete a number of oxidative molecules. These reactive molecules are generated in organs and interact with several cells to modify their activity. In the vascular system, the oxidative molecules circulating in blood vessels inevitably interact with ECs. Thus, the intracellular level of ROS in ECs is greatly elevated. 1,9 H 2 O 2 and other oxidant molecules can upregulate or downregulate several proteins, such as the protooncogenes c-jun, c-fos, and c-myc, 12 the TRPM7 calcium channel, 13 cyclooxygenase-2 and prostaglandins, 14 and the intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), 15 which promotes changes in several cellular functions. Moreover, the actions of oxidative stress on gene expression are mainly mediated by activating transcription factors such as NF-kB, activator protein-1 (AP-1) and the JAK-STAT pathway. [59] [60] [61] In fact, it has been widely reported that NF-kB is activated by H 2 O 2 and other oxidants. [62] [63] [64] [65] [66] In the present study, we demonstrated that H 2 O 2 mediates its action through the ALK5/ Smad3/NF-kB intracellular pathway. These findings suggest possibly that the NF-kB transcription factor is involved in the modification of protein expression that is induced by oxidative stress.
On the other hand, oxidative stress can modify proteins such as kinases, phosphatases, ion channels, transcriptional factors, and receptors. 7, [67] [68] [69] [70] [71] [72] Thus, ameliorating oxidative stressinduced conversion of ECs into myofibroblasts with antioxidants and reducing agents could be useful for treatment.
The dependence of ALK5 activity on H 2 O 2 -induced conversion of ECs into myofibroblasts indicates that its ligand, TFG-b, should be involved in this process. We show here that H 2 O 2 increases TGF-b1 and TGF-b2 expression. Moreover, the H 2 O 2 -induced p38 MAPK phosphorylation indicates a possible mechanism for the increased expression of TGF-b1 and TGF-b2. In addition to the role played by activated p38 MAPK in enhancing TGF-b expression, TGF-b intracellular signaling is mediated via p38 MAPK phosphorylation. 73, 74 Thus, it would be interesting to test whether H 2 O 2 -induced conversion of ECs into myofibroblasts is inhibited by a p38 MAPK inhibitor; however, further experiments are needed to test this idea. Although NF-kB activity is normally suppressed by TGF-b in normal cells, NF-kB can be activated upon TGF-b treatment in pathological cells, 25, 26, 75, 76 which could be the mechanism for H 2 O 2 -induced conversion of ECs into myofibroblasts.
Considering the results showed here, and the literature regarding these issues, if the H 2 O 2 -induced conversion of ECs into myofibroblasts is mediated by TGF-b1 or TGF-b2 production, is reasonable to assume that fibrotic changes might appear earlier when ECs are directly stimulated by TGF-b; however, when ECs are treated with the oxidant, the fibrosis became visible at a later time point.
Taken together, the results shown here provide evidence that oxidative stress is a crucial factor in inducing the conversion of ECs into myofibroblasts through a TGF-bdependent mechanism that produces changes in EC protein [62] [63] [64] [65] [66] This gene expression could be involved in the H 2 O 2 -induced conversion of ECs into myofibroblasts because inhibition of NF-kB using IKK-16 inhibited the conversion. (iii) Our results showed that H 2 O 2 induces the phosphorylation of p38MAPK. It is well known that p38MAPK activation induces TGF-b1 and TGF-b2 production. 6, 24 (iv) TGF-b activates the receptor ALK5, eliciting the Smad protein intracellular pathway. Smad3 activation contributes to the induction of gene expression and the promotion of fibrosis. 24, 29, 30, 74, 75, 77 Some data suggest that Smad3 can be activated by H 2 O 2 . 78,79 (v) It has been clearly demonstrated that the action of TGF-b is induced through the activation of NF-kB. 25, 26, 75, 76, 80, 81 At the same time, it has been reported that NF-kB activation induces TGF-b production. [82] [83] [84] Thus, there is a potential positive feedback mechanism between TGF-b production and NF-kB activation that enhances the fibrotic process. (vi) Furthermore, we used RT-qPCR and protein detection by western blot to demonstrate that H 2 O 2 induces the expression and secretion of TGF-b1 and TGF-b2, and it has been clearly demonstrated that TGF-b1 and TGF-b2 induce the conversion of ECs into myofibroblasts. 19, 34, 35, 40, 41, 85 expression by converting them from normal to pathological. This information will be useful in designing new and improved therapeutic strategies against oxidative stressmediated systemic inflammatory diseases.
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